1 1767) reveals temperature seasonality, growth rates and life cycle of an extinct 2 Cretaceous oyster. Abstract 
analyses were carried out on polished cross sections in order of sample size and destructive character of 155 sampling (starting with the least destructive measurements). Fig. 7 and Fig. 9 . Every shell is 158 represented by an image of the inside of the valve analyzed, as well as a color scan of the cross section through the shell on which 159 high-resolution analyses were carried out. The dashed red line shows the location of these cross sections. The largest 5 shells (1-5, 160 on top half) were sampled for IRMS analyses ( 13 C and  18 O). All shells were subjected to micro X-ray fluorescence (µXRF), laser 161 ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and multi-cup inductively coupled plasma mass spectrometry 162 (MC-ICP-MS) analyses. Full-size versions of the high-resolution color scans of shell cross sections are provided in S1. 
242
Instruments, UK). The sample size (50-100 µg) allowed duplicate measurements to be carried out regularly 243 to assess reproducibility. Samples were digested in 104% phosphoric acid at a constant temperature of 244 70°C and the resulting CO2 gas was cryogenically purified before being led into the IRMS through a dual (after Grossman and Ku, 1986; see Judd et al., 2018 
265
Uncertainties on modelled temperature curves were derived by propagating the measurement uncertainty 266 on  18 O. Age models thus obtained for shells R. diluvianum 1-5 were used to align all proxy records on a 267 common time axis. Age models for R.diluvianum 6-12 were constructed by extrapolating relationships 268 between modelled seasonality and microstructures and trace element concentrations observed in R.
269
diluvianum 1-5. Simultaneously deposited microstructural features in shell cross sections (see Fig. 3 
276
after which the residue was redissolved in 1 M HNO3. Strontium in the samples was purified following the 277 ion-exchange resin chromatography method detailed in Snoeck et al. (2015) . The 87 Sr/ 86 Sr of purified Sr 278 samples were determined using a Nu Plasma (Nu Instruments Ltd, Wrexham, UK) multi-collector (MC) ICP-
279
MS unit in operation at the Université Libre de Bruxelles (ULB). During the measurement run, repeated 280 analyses of NIST SRM987 standard solution yielded a ratio of 0.710250 ± 40 (2 SD; N = 14), statistically 281 consistent with the literature value of 0.710248 ± 5.8 (2 s.e.; McArthur et al., 2001; Weis et al., 2006) . All results were corrected for instrumental mass discrimination by internal normalization and normalized to the 
303
solution exists for the combination of asymmetric uncertainties, the asymmetric uncertainty on the total age 304 has to be approximated through maximum likelihood estimation using the combined log likelihood function 305 (Barlow, 2003) . The approximation of the total uncertainty of combined 87 Sr/ 86 Sr dating results in this study 306 was carried out using the mathematical approach of Barlow (2004) 
314
The compilation of 87 Sr/ 86 Sr results from 12 specimens of R. diluvianum (Fig. 4) Sr concentrations ( Fig. 3) . Foliated calcite layers are more densely packed on the inside of the shell, 329 especially in the region of the adductor muscle scar (Fig. 3) . They are characterized by high Sr
330
concentrations and low concentrations of Mn, Fe and Si ( Fig. 3; S2 ). Foliated layers are also densely 331 packed at the shell hinge. Further away from the shell hinge and the inside of the valve, porous carbonate 332 layers become more dominant. In these regions, µXRF mapping also clearly shows that detrital material 333 (high in Si and Fe) is often found between the shell layers. SEM images show that the shell structure of R.
334
diluvianum strongly resembles to that of modern oyster species, as described in previous studies (Carriker 335 et al., 1979; Surge et al., 2001; Ullmann et al., 2010; 2013; Zimmt et al., 2018) . The major part of the shell 336 consists of (foliated and porous) calcite structures, which were sampled for chemical analyses in this study.
337
As in modern oyster species, aragonite may originally have been deposited on the resilium of the shell, but 338 this region is not considered for analyses (Stenzel, 1963; Carriker et al., 1979; Sørensen et al., 2012) . Close similarities with modern oysters allow to infer that shell growth in R. diluvianum occurred in a similar way 340 as it does in modern oyster species like Ostrea edulis, Crassostrea virginica and C. gigas. This extrapolation 341 allows to estimate the total shell height from microstructural growth markers ( Fig. 3; following Zimmt et al., . 2 ). All chemical analyses were carried out on the dense foliated calcite exposed in cross 350 sections close to the inner edge of the shell valve ( Fig. 3) . High-resolution color scans and detailed 351 recording of sampling positions allowed these records to be plotted on a common axis (see S6). In 
382
These variations are much more regular in  18 O records, which show extreme values of -3‰ up to 0‰ 383 VPDB. Some shells, such as R. diluvianum 3 ( Fig. 6) , exhibit longer term trends on which these periodic 384 variations are superimposed. These trends suggest the presence of multi-annual cyclicity with a period in 385 the order of 10-20 years, but the length of R. diluvianum records (max. 10 years) is smaller than the 386 estimated period of these changes and is therefore not sufficient to statistically validate the presence of this Kim and O'Neil (1997) . Carbon isotope ratios ( 13 C) do not always follow the 390 same trends as  18 O records. In many parts of R. diluvianum shells, there is a clear covariation between 391 the two isotope ratios, suggesting  13 C is affected by seasonal changes. However, in other parts this 392 correlation is less clear, suggesting that other (non-seasonal) factors play a role in determining the  13 C of 393 shell material. Superimposed on these changes, a statistically significant ontogenetic trend can be 394 discerned in the  13 C records of 10 out of 12 shells. However, the scale and direction of these trends do 395 not seem consistent between shells. 
399
Due to the clear seasonal patterns in  18 O records ( Fig. 6) , modelled  18 O profiles closely approximated 400 the measured  18 O profiles (total R 2 = 0.86, N = 412, see S9), lending high confidence to shell age models.
401
Modelling allowed all proxies measured in the shells of R. diluvianum to be plotted against shell age, clearly 402 revealing the influence of seasonal variations in environmental parameters on shell chemistry (S10). When 403 plotting all proxies on the same time axis, clear ontogenetic trends emerge in Mg/Li, Sr/Li and  13 C in nearly 404 all specimens of R. diluvianum. Trends and variations in Mg/Li and Sr/Li are strongly correlated, suggesting 405 that variation in both these trace element ratios is largely driven by variations in Li concentrations. Linear 406 regression was applied to isolate ontogenetic trends in  13 C and Li/Ca ratios (S11-S12). While most of these 407 ontogenetic trends are statistically significant (p < 0.05), they are highly variable between specimens, both 408 in terms of direction and magnitude. The distribution of slopes of ontogenetic trends in Li/Ca and  13 C 409 cannot be distinguished from random variation (see Table 1 ). Therefore, no predictable ontogenetic trends 410 were found for  13 C and Li-proxies in R. diluvianum shells. (Fig. 7) , together with a tentative interpretation in terms of temperature seasonality, reveals that it is 418 not straightforward to apply the transfer functions previously proposed for these proxies on fossil bivalve The seasonal variation in all specimens of R. diluvianum was aligned and stacked relative to shell age 449 models (Fig. 8 ). This composite stack shows that the seasonal temperature range in Ivö Klack during the 450 late early Campanian was between 16°C and 21°C when assuming constant seawater  18 O. Modelled 451 growth rates in R. diluvianum peak near the end of the low temperature season and average growth rates 452 are lowest shortly after the temperature maximum ( Fig. 8) . This phase shift between temperature and directly before and after seasonal temperature maxima (Fig. 8) Plots of modelled shell height against age allow to compare growth patterns of individual R. diluvianum 467 ( Fig. 9) . Individual growth curves clearly converge to a general growth development curve for the species.
412

468
Considering that the isotope transects used to establish these growth curves were measured in different 469 stages of life in different specimens (large age variation), individual growth curves are remarkably similar.
470
The growth of R. diluvianum takes the typical shape of the asymptotic Von Bertalanffy curve, in which shell 
478
The similarity between growth curves of different specimens allows a Von Bertalanffy curve to be fitted to the data with high confidence.
479
Sinusoidal patterns superimposed on all growth curves are caused by seasonal variability in growth rate (see Fig. 6 for an example).
480
Data found in S9.
481
3.9 Statistics in seasonal growth and ecology
482
The seasonality stack of growth rates shown in Fig. 8 suggests a potential year-round growth in R. ( Fig. 10) . The onset of the first growth year in each shell at its precise position relative to the seasonal 493 temperature cycle showed in which season spawning occurred (Fig. 10c) . Finally, evaluation of the 494 distribution of growth maxima and minima along the seasonal cycle and regression analyses between these 495 parameters reconstructed from the growth models shed light on the relationships between growth 496 parameters in R. diluvianum and seasonality All data used to create plots in Fig. 10 is provided in S14. calcite structures in R. diluvianum shells (Fig. 3b-d) 2005; Fig. 3b-h Fig. 5d ), the lack of covariation 550 between Mn concentration and  18 O shows that there is little evidence for meteoric diagenesis in these 551 shells (Ullmann and Korte, 2015) . Instead, these patterns are best explained by early marine cementation 552 of porous carbonate structures from sea water with similar temperature and  18 O as the living environment 553 (see also Sørensen et al., 2015) . These complex patterns merit great care in applying simple, general 554 thresholds for diagenesis. Therefore, in this study, a multi-proxy approach is applied for diagenetic Strontium isotope dating places the Ivö Klack deposits at 78.14 ± 0.26 Ma (Fig. 4) 
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A part of the variation in  13 C may be explained by the presence of ontogenetic trends. These trends are 599 known to occur in marine and freshwater bivalves as well as in bivalves with symbionts (Klein et al., 1996b;  600 Watanabe et al., 2004; Gillikin et al., 2007; McConnaughey and Gillikin, 2008) . The scale and direction of 601 these trends in  13 C are not consistent between individual R. diluvianum shells, which is also the case in 
603
of modern bivalves show that in larger (older) bivalves, the contribution of respired CO2 to carbon in the 604 shell is larger (up to 40%; Gillikin et al., 2007) . This finding explains common trends of reducing  13 C with 605 age in bivalve shells, since respired carbon is isotopically lighter than environmental DIC. Since ontogenetic 606 trends are likely caused by changes in the amount of respired carbon entering the shell, and the direction 607 of these trends in R. diluvianum, the contribution of respired CO2 to R. diluvianum shells likely did not strictly 608 increase with age. While this complicates the interpretation of  13 C records, the relative contribution of 609 environmental changes to  13 C variability in R. diluvianum shells does appear to be highest on the positive 610 end of the ontogenetic trend.
611
In all  13 C records we observe that the parts of the record that exceed a  13 C value of ±3.6‰ exhibit more 612 regular variations of ±0.6‰ that are correlated to the seasonal variability in  18 O (see S6). These periods 613 of covariation between  13 C and  18 O do not dominate in the records, as is evident from the lack of 614 seasonality in the annual stack of  13 C (Fig. 8) . It is possible that, during parts of the lifetime of R. diluvianum 615 when the effect of respiration on  13 C of the shell is reduced,  13 C fluctuations reflect a combination of 616 changes in DIC and/or salinity in the environment, which are likely paced to the seasonal cycle. These 617 ±0.6‰ shifts in  13 C that appear to be seasonal are much smaller than those in modern oyster records (2-
618
3‰ in low-latitude estuarine Crassostrea virginica; Surge et al., 2001; 2003; Surge and Lohmann, 2008) .
619
Instead, the determined shifts more closely resemble the 0.5‰ variability in  13 C observed in modern 620 Crassostrea gigas from the same approximate latitude as Ivö Klack in the North Sea (Ullmann et al., 2013) .
621
The extreme isotopic shifts in the estuarine C. virginica specimens have been shown to be caused by large information about the growth and life cycle of these oysters ( Fig. 9-10) . One of the most interesting results
741
is the remarkable similarity in growth patterns between individuals of R. diluvianum (Fig. 9) . Except for the 16-0.24; MacDonald and Thompson, 1985; Hart and Chute, 2009) or bivalves from cold habitats (e.g.
761
North Atlantic Arctica islandica, K = 0.06; Strahl et al., 2007) . This reflects the high growth rates (steeper 762 growth curves, higher K-values) of shallow marine bivalves compared to species living in more unfavorable 763 or restricting (colder or deeper) habitats, with R. diluvianum clearly being part of the former group.
764 Figure 10 and Table 2 illustrate statistics of growth and seasonality for a total of 58 years of growth in the 765 complete dataset. This data indicates that the growing season is shorter than 365 days in all but five 766 modelled years, demonstrating that growth stops did occur in R. diluvianum. Minimum growth temperatures 767 (temperatures by which growth stops) are concentrated around 17°C (χ 2 = 0.0088; Fig. 10a ) and correlate 768 strongly to MAT (Pearson's r = 0.752; Fig. 10b ), suggesting that while potential growth halts in R.
769
diluvianum occur systematically at a certain time interval of the year (first half of "winter"), they are not 770 forced by an absolute temperature threshold, but rather by timing relative to the seasonality (circadian 771 rhythm). On average, the moment of minimum growth occurs right after the highest temperatures of the
772
year are reached (early autumn, Fig. 8 ).
773
The spawning season (onset of the first growth year, see 3.9) is concentrated in the two last months before 774 the  18 O maximum (first half of "winter") when modelled water temperatures are ±17°C (Fig. 10c) . Note that 775 only three of the five shells allowed sampling of the first month of growth, and extrapolated records for the 776 other two shells yielded spawning around the  18 O minimum ("summer"). The offset of these estimates 777 likely results from uncertainty introduced due to extrapolation of the records of these two remaining shells,
778
showing that these estimates are likely unreliable. Comparing Fig. 10c and Fig. 10a shows that growth 779 halts and spawning occur at similar temperatures (16.85 ± 0.67°C and 16.98 ± 0.34°C respectively, p = 780 0.717), suggesting that these events occur simultaneously or on either side of a seasonal growth halt (if it 781 occurs).
782 Figure 10c shows that the distribution of months with fastest growth rate is random (p(χ 2 ) = 0.055, <95% 783 confidence). However, in 27 of the 58 years, the growth peak occurs in the season with decreasing  18 O 784 values ("spring season"), just after the moment of spawning (winter season; Fig. 10a-b) . temperature) significantly influences the length of the growing season (strong correlation), the maximum 787 growth in that year and the total annual growth (weak correlations). MAT is a weak but significant driver of 788 annual growth, maximum growth and length of growing season. Ontogenetic age of the organism does not 789 predict a significant part of any of the above mentioned growth and seasonality parameters ( Fig. 10c ) supports the hypothesis that absolute temperatures 811 did not limit shell growth, but rather that growth cessations occur consistently in certain parts of the seasonal 812 cycle. The observation that peak growth rates and spawning both occur during the early spring season 813 ( Fig. 10c) is also consistent with the occurrence of spring blooms of increased productivity (section 4.3).
814
Finally, as 
862
This disagreement between data and models clearly illustrates the disadvantage of the lack of data on Late
863
Cretaceous seasonality outside the (sub-)tropical latitudes and highlights how important such 864 reconstructions are for improving our understanding of the dynamics in temperature variability in both space 865 and time during greenhouse climates.
866
Finally, the coupled modelling and multi-proxy approach applied in this study sheds light on the effects of 867 environmental changes on the life cycle and sub-annual growth of R. diluvianum shells. This study reveals 868 that growth curves of R. diluvianum strongly resemble those in modern shallow marine bivalves that grow 869 in coastal high latitude environments. However, changes in growth rate of our Boreal oysters seem 870 unrelated to temperature, in contrast to modern, high-latitude oysters that tend to lower their growth rate 871 and cease mineralization below a certain cold threshold. We conclude that growth cessations and sub- 
